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Abstract 
The prime objective of our study was to monitor heat losses by using Landsat 7 thermal infrared data from the active fumarolic region of Kuju 
volcano in Japan. We estimated the radiative heat flux (RHF) of the Kuju fumaroles from 2002 to 2010, used the Stefan-Boltzmann equation. 
Then, heat discharge rate (HDR) was calculated by using the relationship coefficient of RHF and HDR, obtained from two previous studies. The 
highest total RHF was found about 57.7 MW in 2002 and lowest about 21.1 MW in 2010. The total RHF decreased from 2002 to 2007  about 33 
MW; then, it slight increased about 5 MW in 2008 from 2007, and finally declined about 9MW from 2008 to 2010 in Kuju fumaroles. We found 
highest HDR about 384.5 MW in 2002 and lowest about 140.8 MW in 2010.The relationship between land surface temperature above ambient 
and RHF was an expected strong correlation for each result during our study period. RHF anomalous area showed a declining trend in overall 
during our study period. Overall, our study was able to delineate the decline trend of heat losses that was supported by the previous study of 
similar declining trend of HDR using steam maximum diameter method from active fumarolic region of Kuju volcano 
 
1. INTRODUCTION 
Assessment of heat loss from fumaroles has been faced with a problem since geothermal exploration began due to 
the unsatisfactory methods used to measure the heat flow rate and inaccessibility or unstable ground (Hochstein and 
Bromley, 2001). Actually, fumaroles monitoring is an essential part considering hazardous effects of sudden 
eruption of active volcano on surrounding environment especially for high thermal activities that could create 
harmful situation for nearest rural and urban areas, habitats, infrastructure, environment, atmosphere, flight ways, 
tourists etc. Heat flux from fumaroles may be estimated more accurately from ground-based measurements such as 
calorimetric, steam cloud-rise method etc., but field survey could be time-consuming, expensive and sometimes 
dangerous due to unstable ground in a remote or inaccessible fumarolic area. On the other hand, the satellite based 
infrared data can be used to estimate radiative heat flux within several hours after acquisition of images. In this 
paper, we demonstrate the effectiveness of satellite remote sensing infrared data for assessment of heat loss.  As we 
know that it is only possible to analyzeradiative portion of total heat loss using satellite infrared data directly. After 
estimating radiative heat flux (RHF), we can use a discovered relationship coefficient between radiative heat loss 
and total heat loss from two geothermal or fumarolic areas to estimate heat discharge rate (HDR) (Mia et al., 2012b; 
Harris et al., 2009). The application of satellite remote sensing for detecting and quantifying thermal anomalies as 
well as heat losses due to volcanic activity has been scientifically used in recent years. Most notably, the Landsat 7 
ETM+ offers two thermal bands with moderate spatial resolution (30 meter in the TIR bands), that allows the 
detection, quantification, and monitoring thermal sceneries of volcanic activity in various geotectonic context 
(Harris et al., 2009; Savage and Lawrence, 2010; Mia et al., 2012a).  
The study area, Kuju fumaroles (33°05 34.12 N, 131°14 22.59 E), is about 2.73 square kilometers of Kuju volcano, 
situated in the Beppu-Shimabara volcanic graben in the central part of Kyushu Island (Figure 1). The extent of Kuju 
volcano is about 15 km from east to west and 5 km from north to south, and 25 km from the Mt. Aso (Tomiyama et 
al., 2004). Kuju is one of the most hazardous volcanos and is an intensely active geothermal field of Kyushu Island 
in Japan. The Kuju- Iwoyama is an explosive crater of the fumaroles of Mt. Hossho in Kuju volcanic area that have 
exhibited cyclic variations in activity since 1738, at intervals of 60 to 100 years (Kita et al., 2009). According to 
Mizutani et al. (1986), the last cycle was s
fumaroles about 508°C in 1960, and after this period, the fumaroles were under a cooling trend. The last eruption of 
Kuju volcano begun on 11 October in 1995 from the new craters about 300 m south of the pre-existing fumarolic 
field (Ehara et al., 2005). The eruption was phreatic in nature, as there was no magmatic activity at the surface, 
although vesiculated glass shards were detected in the ashes (Hatae et al., 1997). The Kuju-Iwoyama fumaroles 
consist of 4 units named as A, B, C and D-region, where A, B and C were previous units, and the D is the new vents 
opened by the phreatic eruption of 1995 (Figure 
region of the fumaroles in 1995 during the period of eruption, which was decreased after the eruption period (Ehara 
et al., 2005). The heat discharge from this volcanic area was mostly from steaming ground and fumaroles (Ehara, 
1992). According to Koga and Ehara (2012), the present steam heat discharge rate is about 200 MW. Figure 2 
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showsthat the total heat discharge rate was decreased drastically after the eruption 1995. Koga and Ehara (2012) also
mentioned that the HDR was 3000 MW after 2 months of the 1995 eruption. The major objectives of our study in
Kuju fumaroles are: (a) to estimate pixel wise radiative heat flux (RHF) from the thermally active region of Kuju
volcano; (b) to calculate total heat discharge rate (HDR) using the estimated RHF as our second prime achievement; 
and (c) to monitored the RHF and HDR from 2002 to 2010 using 5 sets of Landsat 7 image data as the final target.
Figure 2. Total heat discharge rate from Kuju fumaroles (A, B, C, and D region) changed with time (Koga and Ehara, 2012); Measured using
maximum diameter method of Jinguuji and Ehara (1997).
Figure 1.Location map of our study area-A, B, C, D active regions within the Kuju fumaroles.
2. MATERIALS AND METHODS
We used Landsat Enhanced Thematic Mapper plus (ETM+) images for this study (path/row: 112/37). The satellite
bearing the Landsat sensor passed through this study region at 10.35 am regularly. A total of 5 sets of images were
obtained from the USGS Earth Resource Observation Systems Data Center, which were both radiometrically and 
geometrically corrected. All images were 8 multi-spectral bands, including: 4 VNIR, 2 SWIR (Shortwave infrared),
1 PAN (Panchromatic) and 1 TIR. The imageries were acquired during winter season on 16 October 2002, 22
November 2004, 15 November 2007, 16 October 2008 and 24 February 2010, respectively. Because of SLC (Scan
Line Corrector) failure on May 31, 2003, Landsat 7 sensor obtained images in a zig-zag pattern along the ground 
track with some gap but it is still capable of acquiring useful image data with the SLC turned off (NASA, 2009). So,
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we have a full covered image of our study area only in 2002, and other images are above 80% of 2002 image of our
study area. The Landsat 7 ETM+ images have two channels of thermal infrared data (high and low gain) at 30 meter 
resampled resolution. We used the high gain option for more detail analysis. Local meteorological air temperature
data was obtained from the AMEDAS website using the nearest Kusu station. For estimating the atmospheric 
transmissivity at the time of image acquisition, we used the NASA atmospheric correction parameter calculator, by 
entering the location and time, and using the mid-latitude, summer/winter, standard, upper-atmosphere
profile.Figure 3 follows our image processing steps for radiative heat flux estimation using Landsat 7 images.
Firstly, we have analyzed all images for atmospheric correction, where we had applied the dark object subtraction 
method for atmospheric correction process. Then, in second steps, we applied the formula for calculating reflectance
value for each band with band specific information from the header file and Landsat 7 user handbooks by using the
ERDAS imagine 9.3 models (NASA, 2009). In the third steps, we calculated the normalized differential vegetation
index (NDVI) which is a process for calculating the vegetation index of any region, that is the ratio of reflectance
value of red (band 3) and near infrared (band 4) region of electromagnetic spectrum (Mia et al., 2011). The NDVI
value ranges from -1 to +1, higher than the value of 0.5 indicated the vegetated region and lower the value of 0.2 is
the bared region. In the fourth step, spectral emissivity was calculated using the NDVI based emissivity calculation
method of Valor and Caselles (1996). Normally, the emissivity value ranges from 0.7 to 0.99 for the real earth
surface. The fifth step was land surface temperature estimation where we applied the mono-window algorithm 
because the Landsat 7 ETM+ has only one band of thermal infrared band (Qin et al., 2001; Mia et al., 2011). We
for atmospheric parameter correction for obtaining the atmospheric transmissivity of our study area for each
acquired images.
Figure 3. Work flow chart.
According to the Stefan- heat flux (RHF) was calculated by using the following 
equation and considering atmospheric transmissivity, surface spectral emissivity, land surface temperature estimated 
by satellite infrared data, ambient temperature and area for each pixel (Bromley et al., 2011; Mia et al., 2012a).
Qr= A (Ts4 Ta4),
where, Qr= radiative heat flux (W/m2), = atmospheric transmissivity, = Stefan-Boltzmann constant, =
emissivity, A = area (m2), Ts = land surface temperature (LST) (K) and Ta = ambient temperature (K).
We had multiplied the above total radiative heat flux by the average value of the relationship coefficient (~6.67) of 
RHF and HDR, obtained from two volcanic fumaroles studies (Mia et al., 2012b; Harris et al., 2009), to estimate 
total heat discharge rate for each year data set.
3. RESULTS AND DISCUSSIONS
Initial image processing was engaged with the calculation of NDVI for land-covers and spectral emissivity values 
from our study area. The outputs of NDVI analysis were found between -1 to +1 from all years data sets of our study 
area. We used these NDVI values to classify the land covers into 3 different types as vegetated land, mixed land and 
bared land as above 0.5, 0.5 to 0.2, and less than 0.2 of NDVI value, respectively (Table 1). The area of these land-
covers showed that the vegetation covered area was an increasing trend after 2002 up to 2008. Because of snow in
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the year of 2010 (February 24), the NDVI thematic map of this year showed low vegetation coverage in our study 
area. The mixed land also showed a gradual increasing output after 2002 but the bared land was expected decreasing 
trend from 2004 to 2008. Though there are two gap lines of each analyzed image except 2002 image, we took an 
adjusted percentage value for each class area with considering 2002 image area as 100% for our study region (Table 
1). The range of spectral emissivity was found between 0.96 to 0.99 for the years of 2002, 2008, and 2010 
respectively. We found the lowest value of emissivity about 0.94 and highest about 0.99 for 2004. The result of 
highest LST above ambient about 23°C in 2008 during our study period in Kuju fumaroles, the LST anomaly 
showed a decreasing trend in total positive area overall in this area (Figure 4). 
 
 
 
Figure 4.Land surface temperature (ºC) above ambient in our study area from 2002 to 2010. 
 
We were estimated radiative heat flux using Stefan-Boltzmann equation of about 2.73 square km area within the 
Kuju fumaroles of 2002 (Table 1). We found positive RHF within about 2.15 square km, and negative value in about 
0.58 sq. km of our study area (Figure 5). The total value of RHF was about 51.5 MW, 57.68 MW, and 6.18 MW as 
total, positive total, negative total, respectively in the year of 2002. The total area of 2004 without gaps was about 
2.34 sq. km i.e., about 85% of 2002 study area.  We found from the analyzed thematic map of 2004 that the positive 
area was about 1.21 sq. km and negative area was about 1.13 sq. km. The total RHF was about 10.69 MW, 26.35 
MW, and 15.66 MW as total, positive, and negative area, respectively for 2004. After adjusting this area with 2002, 
we estimated the positive total RHF about 30.8 MW of our study area. About 84% of  
2002 study area was found for analyzing RHF in 2007 Landsat 7 image without gaps. The result showed that the 
RHF was obtained as positive value in 1.23 sq. km and negative value in 1.06 sq. km of our study area in 2007 
without image gaps region. Though the total RHF was estimated about 8 MW, but we calculated about 21.33 MW in 
positive region. After adjusted with area percentage with 2002 area, we found that the total positive RHF was about 
25.42 MW. The least about 81% of 2002 study area was found for 2008, of which the RHF positive area was about 
1.32 sq. km and RHF negative area was 0.89 sq. km of study area. The total positive RHF was about 24.51 MW. 
After adjusted the positive RHF value area of 2008 with considering 100% of 2002 area, total positive RHF was 
about 30.3 MW for this year. Finally, we analyzed the Landsat 7 image of 2010 for RHF of Kuju fumaroles area but 
here we obtained about 85% covered area of 2002 study area image without gaps. The area was found about 1.06 sq. 
km as positive and 1.25 sq. km as negative RHF value of study image area in 2010.The total positive RHF of about 
18 MW was adjusted with the total area of our study into about 21.12 MW. The highest heat discharge rate was 
about 384.5 MW in 2002 and the lowest was found about 141 MW in 2010. Otherwise, we found HDR about 
205MW, 169 MW, 202MW as in the year of 2004, 2007, 2008, respectively from our study of Kuju fumaroles 
(Figure 6).We took 25 random samples both in the thematic images result of LST above ambient and RHF. The 
relationship between LST above ambient and RHF was an expected strong correlation for each result during our 
study period (Figure 7). The spatial distribution of thematic LST maps showed that there are four distinct region of 
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study area (Figure 5). Though the LST anomaly showed decreasing trend, we found a region of 2 pixels highest 
value of LST in the central part of Kuju fumaroles in 2008, that was located within the A region from our study area. 
 
 
 
Figure 5.Radiative heat losses from Kuju fumaroles from 2002 to 2010 
 
 
Table 1. Summary results of our study. 
 
 
 
 
 
 
 
 
Notes: Total study area was 2.73 sq. km in 2002 but the areas in other years were above 80% of 2002 area. The 
spectral emissivity ranges from 0.94 to 0.99 in all thematic maps during our study period. Heat discharge rates 
(HDR) were calculated by multiplying the area adjusted RHF with a relationship coefficient of RHF (radiative heat 
flux) and HDR. Ambient temperatures were taken from the nearest meteorological AMEDAS station (Kusu station). 
 
 
119 Md. Bodruddoza Mia and Yasuhiro Fujimitsu /  Procedia Earth and Planetary Science  6 ( 2013 )  114 – 120 
 
 
Figure 6. Heat loss changes from 2002 to 2010. 
 
 
 
 
Figure 7. Correlation between LST and RHF derived from 25 random samples of Kuju fumaroles. 
 
4. CONCLUSION 
The total heat loss from Kuju fumaroles was a decreasing trend from 2002 to 2010. Total radiative heat flux was 
decreased about 37 MW and total heat discharge rate was decreased about 244 MW from 2002 to 2010. The highest 
total RHF was found about 57.7 MW in 2002 and the lowest about 21.1 MW in 2010. The total RHF was decreased 
from 2002 to 2007 about 33 MW; then, it slight increased about 5 MW in 2008 from 2007, and finally declined 
about 9MW from 2008 to 2010 in Kuju fumaroles. We found the highest HDR about 384.5 MW in 2002 and the 
lowest about 140.8 MW in 2010 but we obtained the highest pixel value of heat flux about 118 W/m2 in 2008 and 
the lowest about 65 W/m2 in 2004. From this study, we can infer that Landsat 7 images are capable to monitor heat 
fficiency and low 
cost.  
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